Objective: Common variants near melanocortin receptor 4 (MC4R) have been related to fatness and type 2 diabetes. We examined the associations of rs17782313 and rs17700633 in relation to body fat, body fat distribution, metabolic traits, weight development and energy expenditure. Methods: Obese young men (n ¼ 753, BMIX31.0 kg m À2 ) and a randomly selected group (n ¼ 874) identified from a population of 174 800 men were re-examined in three surveys at mean ages 35, 46 and 49 years (S-35, S-46 and S-49). Measurements were available at upto eight times from birth to adulthood. Logistic regression analysis was used to assess odds ratio (OR) for the presence of the carrier allele for a given difference in phenotypic values. Results: Rs17782313 minor C-allele was associated with overall, abdominal and peripheral fatness (range of OR ¼ 1.06-1.14 per z-score units) at all three surveys, although only consistently significant at S-35 and S-46. Rs17700633 minor A-allele was also associated with the fatness measures, but significantly so only at S-49 for overall and abdominal fatness (range of OR ¼ 1.03-1.15 per z-score units), and peripheral fatness (OR ¼ 1.15-1.20 per z-score units). There were only few significant associations with metabolic traits. The rs17782313 C-allele and the rs17700633 A-allele were both associated with lower highdensity lipoprotein cholesterol (range of OR ¼ 0.64-0.84 per mol l À1 ), significantly at S-46. The rs17700633 A-allele was significantly associated with insulin (OR ¼ 1.25 per 50 pmol l À1 ), leptin (OR ¼ 1.42 per 10 ng ml À1 ) and insulin sensitivity (OR ¼ 0.81 per model unit). The rs17782313 C-allele and the rs17700633 A-allele were both associated with BMI in childhood and adolescence (range of OR ¼ 1.04-1.17 per z-score units), significant for the rs17782313 C-allele at the age of 13-19 years and for rs17700633 A-allele at age 7, 10, 13 and 19 years. No significant associations were found for energy expenditure. Conclusion: Near MC4R variants appear to contribute to body fat, body fat distribution, some metabolic traits, weight development during childhood, but not to energy expenditure.
Introduction
Within the last couple of years new advanced gene identification strategies, especially the genome-wide association studies, have been the main contributors to success in the gene discoveries of common complex diseases, such as common obesity. 1, 2 In the genetics of common obesity, the discovery of FTO was the first major success of genome-wide association studies, providing new insight into the pathogenesis of common obesity. [3] [4] [5] The melanocortin receptor 4 (MC4R), located at chromosome 18q22, is involved in energy expenditure and appetite regulation, 6 and is a compelling candidate gene of obesity, as rare coding mutations consistently have been associated with monogenic obesity in humans. [7] [8] [9] In a large-scale genome-wide associa-tion studies, two novel common variants, mapping 188 kb (rs17782313; T/C) and 109 kb (rs17700633; G/A) downstream of MC4R, were found to associate with fatness in both adults and children. 10 The minor C-allele of rs17782313 and the minor A-allele of rs17700633, with a frequency of 0.24 and 0.30 respectively, and a low pair-wise linkage disequilibrium (LD) (r 2 ¼ 0.08 in CEU HapMap), have modest allelic association with previously reported rare MC4R variants. 10 Thus, the associations between the novel common MC4R variant and fatness are unlikely to be explained by previously reported associations of rare MC4R variants with monogenic obesity, and it remains to be investigated if the near MC4R variants are involved in the MC4R pathway. Subsequent genome-wide association studies in individuals of Indian-Asian and European ancestry confirmed the associations between novel common variants near MC4R and fatness. 11 Albeit the identified variants were not identical, the most strongly associated variant (rs12970134) was in high LD with rs17782313 (r 2 ¼ 0.81 in CEU HapMap).
In this study, we examined the associations of rs17782313, rs17700633 and rs12970134 near MC4R with (1) distinct specific fatness phenotypes and metabolic quantitative traits, (2) weight development throughout life, using repetitive assessments at upto eight times from birth to adulthood for the same individuals, and (3) energy expenditure.
Subjects and methods

Study population
Among 362 200 Caucasian men examined at the mean age of 20 years at the draft boards in Copenhagen and its surroundings during 1943-77, a randomly selected group of 1 in every 100 men (n ¼ 3601) and all obese men (n ¼ 1930) were manually identified. Obesity was defined as 35% overweight relative to a local standard in use at the time, and this corresponds to a BMI X31.0 kg m
À2
, which proved to be above the 99th percentile. All obese and half of the random sample, still living in the region, were invited to a follow-up survey in 1982-1984 at the mean age of 35 years (survey S-35), in 1992-94 at the mean age of 46 years (survey S-46) and in 1998-2000 at the mean age of 49 years (survey S-49). The criteria for invitation to the follow-up surveys and the participation have been described previously, [12] [13] [14] and the number of participants shows the expected attrition over time (Table 1) . Phenotypic assessments were carried out at all surveys, though much more thoroughly at survey S-49. DNA was sampled from buffy coats at S-46. In total, 1621 (747 obese and 874 randomly selected) participants were genotyped for this study, indicating that the randomly selected group represent 174 800 men, who were originally identified at the draft board examination. Among these 553 (232 obese and 321 randomly selected) had been assessed in S-49. From school health records, anthropometric measurements from birth and childhood (age 7, 10 and 13 years) were available 15 in a subset of the population and linked to the present cohort study. The Danish Data Protection Agency and the regional ethical committee approved the study to be in accordance with the Helsinki Declaration II. All participants signed a written consent before participating.
Phenotypic measurement
Waist circumference (cm) was measured according to the WHO recommendations to the nearest 0.5 cm with the subjects standing, using a nonexpendable linen tape measure, 16 Total body fat mass (kg) was assessed by bioimpedance at S-46 and from the DEXA scan at S-49. Fat body mass index (fat-BMI; kg m
À2
) was calculated as total body fat mass (kg) divided by height (m) squared. The data collected at each of the follow-up surveys, S-35, S-46 and S-49, were analyzed separately for each survey. The data on the obese and the controls were analyzed together by applying a logistic regression model. In this model, the probability of observing the particular genotype (presence of the minor allele) was defined as the dependent response variable and the quantitative values of the phenotypes irrespective of whether the individual originally belonged to the obese group or the control group. The massive enrichment of the right tail of the BMI distribution implies that the data cannot be analysed with BMI or BMI-associated outcomes conditional on the genotypes (for example by mean BMI per genotype) or as response variables in common regression models. Also, using a dichotomized case-control approach would waste considerable statistical efficiency otherwise gained by using quantitative phenotypes.
Hence, to take advantage of the greater statistical power and much wider coverage of the phenotypes, we reversed the statistical models for the associations and examined the probability of carrying the particular risk-allele genotype for a given level of the phenotypes. This can be done without distributional assumptions about the phenotypes. Thus, logistic regression analysis was used to assess the odds ratios (ORs) of the genotype (response variable) in relation to the phenotypes (covariates) in the combined case and control groups with and without adjustment for the concurrent fat-BMI (kg m
). Information for fat-BMI was not available in S-35, and therefore we adjusted for BMI in these analyses.
To obtain similar fatness units, all anthropometrics and body composition measures were converted to age-adjusted z-scores that indicate the deviations from the population mean values in s.d. units. The age-adjusted z-scores were calculated from the mean values and s.d. of the randomly selected control group and applied to the entire study population. In other words, 1 z-score unit (U) is equal to 1 s.d. of the particular obesity phenotype in the control sample. In the remainder analyses, age at examination was included as a continuous covariate. The OR for being carrier of the minor allele according to BMI z-score should be interpreted as an increment in odds for being carrier of the minor allele per U increase in BMI z-score. Nominal P-values are reported, and the interpretation of them in the light of multiple testing is included in the Discussion section. Analyses were carried out using SAS statistical procedures (version 9.1; SAS Institute Inc, Cary, NC, USA).
Results
The minor allele frequencies of rs17782313, rs17700633 and rs12970134 near MC4R were almost exactly the same at the three surveys indicating that the attrition of the study groups by time was not dependent on the genotype (Table 1) . In controls, the minor allele frequencies of rs17782313, rs17700633 and rs12970134 were 0.23-0.24, 0.28-0.31 and 0.25-0.26, respectively, almost analogous to the reported distribution in European Caucasians. 10 Rs17782313 and rs17700633 were in low LD with each other (r 2 ¼ 0.13), rs17782313 was in high LD with rs12970134 (r 2 ¼ 0.75), whereas rs17700633 was in low LD with rs12970134 (r 2 ¼ 0.18) in the present study population. All results obtained for rs12970134 were identical to those obtained for rs17782313, and are therefore not reported here.
Overall, abdominal and peripheral fatness
We estimated the ORs of the genotype (response variable) in relation to the phenotypes (covariates). Results from logistic regression analyses for fatness phenotypes are given in ORs with 95% confidence intervals. All obesity-related phenotypes elucidating overall, abdominal and peripheral fatness were associated with rs17782313 MC4R variants, fatness and metabolic traits SII Kring et al at survey S-35 and S-46 (Table 2) , where a 1 U z-score increase in obesity phenotypes increased the odds for the minor allele carriers by 6-8% (OR ¼ 1.06-1.08, P ¼ 0.022-0.039). Significant associations were observed in relation to hip circumference and lower body fat mass (%) at survey S-49, where a 1-U increase in hip circumference and lower body fat mass increased the odds for the C-allele carriers by 11-14% (OR ¼ 1.11-1.14, P ¼ 0.039-0.042). For overall and abdominal fatness at S-49, estimates were similar to the obtained estimates at S-46, but did not reach statistical significance. Compared with rs17782313, we obtained stronger significant associations between the examined obesity phenotypes and rs17700633, albeit only at S-49 (Table 2) . A 1-U increase in overall and abdominal fatness increased the odds for the Aallele by 14-16% (OR ¼ 1.14-1.16, P ¼ 0.006-0.022). For peripheral fatness, a 1-U z-score increase in hip circumference and lower body fat mass (%) increased the odds for the A-allele by 15-20% (OR ¼ 1.15-1.20, P ¼ 0.004).
The associations between the near MC4R variants and all body fat measures were weakened when adjusted for fat-BMI, and neither of these measures nor fat-BMI itself maintained statistical significance when analysed together (data not shown).
Metabolic traits
Generally, there were only few statistically significant results (Table 3) . Thus, none of the associations between the MC4R variants and circulating levels of glucose, C-peptide, HbA1C, triglyceride, free fatty acids, fibrinogen, ASAT or blood pressure reached statistical significance.
Both variants near MC4R were associated with serum HDLcholesterol levels at S-46, where a 1-U increase in mmol l À1 HDL-cholesterol decreased the odds for the rs17782313 C-allele and rs17700633 A-allele by 24 and 28%, respectively (OR ¼ 0.76, P ¼ 0.03 and OR ¼ 0.72, P ¼ 0.008, respectively). Similar estimates were obtained at survey S-35 and S-49, but they did not reach statistical significance.
At S-49, an association between plasma insulin and rs17700633 was observed, where each 50-pmol l À1 increase of insulin increased the odds for the A-allele by 25% (OR ¼ 1.25, P ¼ 0.03) ( Table 3 ). An association between a surrogate measure of insulin sensitivity and rs17700633 was obtained. A 1-U increase in BIGTT-S I index decreased the odds for the A-allele by 19% (OR ¼ 0.81, P ¼ 0.038). A strong significant association between circulating leptin levels and rs17700633 was obtained at S-49, where a 10-U increase in circulating leptin increased the odds for the A-allele by 42% (OR ¼ 1.42, P ¼ 0.005).
As expected, the significant associations were weakened when adjusted for fat-BMI (data not shown).
Childhood and adolescence obesity Except at birth, associations were observed between both near MC4R variants and BMI z-score during childhood and adolescence (Table 4) . A 1-U increase in BMI z-score increased the odds for the rs17782313 C-allele by 12 and 7%, respectively at age 13 and 19 years (OR ¼ 1.12, P ¼ 0.034 and OR ¼ 1.07, P ¼ 0.0004, respectively). Associations for age 7 and 10 years showed similar estimates, but were not significant. A 1-U increase in BMI z-score increased the odds for the rs17700633 A-allele by 15, 17, 17 and 4%, respectively at age 7, 10, 13 and 19 years (OR ¼ 1.15, P ¼ 0.015; OR ¼ 1.17, P ¼ 0.005, OR ¼ 1.17, P ¼ 0.005 and OR ¼ 1.04, P ¼ 0.038, respectively). MC4R variants, fatness and metabolic traits SII Kring et al Abbreviations: BIGTT-AIR, OGTT-derived index of acute insulin response; BIGTT-S I , OGTT-derived index of insulin sensitivity; BP, blood pressure; HbA1C, glycated hemoglobin; HDL, high-density lipoprotein; p, plasma; s, serum. S-35, S-46 and S-49 denote the separate surveys in which participants were examined at the mean age of 35, 36 and 49 years, respectively. S-35, S-46 and S-49 denote the separate surveys, in which participants were examined at the mean age of 35, 36 and 49 years, respectively. Within each survey, the obese and the control group were analysed together by using the phenotype, for example body mass index (BMI), as covariate in a logistic regression model with odds of the genotype as the response variable. All analyses were adjusted for age.
a All values for the S-49 are derived from the oral glucose tolerance test (OGTT) examination, and are therefore fasting compared to non-fasting for S-35 and S-46. The units of the covariates were chosen to make the odds ratios readable with significant digits even though this results in unrealistic unit values.
Table 4
Odds ratio (OR) including 95% confidence intervals (CI) for MC4R rs17782313 C-allele carriers and for rs17700633 A-allele carriers in relation to birth weight and age-adjusted BMI z-scores at childhood and adolescence MC4R variants, fatness and metabolic traits SII Kring et al
Energy expenditure
None of the two variants near MC4R were significantly associated with resting energy expenditure, leisure-time physical activity, VO 2 max or glucose-induced thermogenesis (Table 5) .
Discussion
The present case-cohort study of Danish men assessed at upto eight points in time confirmed associations of rs17782313, rs17700633 and rs12970134 near MC4R with human fatness from childhood through middle age. As rs12970134 was in high LD with rs17782313 (r 2 ¼ 0.75), all results were identical for these two single-nucleotide polymorphisms. Carriers of the rs17782313 C-allele were more frequently observed the greater the BMI and the larger the waist circumference than carriers homozygous for the major allele. Similar associations were observed for carriers of the rs17700633 A-allele compared with carriers homozygous for the major allele. Although previous studies have suggested additive effects of the minor alleles, our data suggested that a dominant pattern fitted better to the data, which may be due to the manifold enrichment of the sample in the upper tail of the BMI distribution. Except for associations for rs17700633 with circulating HDL-cholesterol, leptin and insulin and with a surrogate measure of insulin sensitivity (BIGTT-S I ), all most likely explained by effect of fat-BMI, there were no consistent and significant relations to metabolic traits. The rs17782313 C-allele near MC4R was associated with overall (BMI, fat-BMI), abdominal (waist circumference, intra-abdominal adipose tissue) and peripheral (hip circumference, lower body fat mass) fatness. The strength of the associations between the SNPs and the various fatness phenotypes was about equal throughout the range of each phenotype at survey S-46 and S-49 and comparable to previously reported studies. 10 Although estimates were similar, the results from S-49 did not reach statistical significance, except for peripheral fatness. Compared with rs17782313, stronger significant associations were obtained at S-49 between the A-allele of rs17700633 near MC4R and overall, abdominal and peripheral fatness, but not at the preceding surveys. All the associations were weakened when adjusted for fat-BMI and became statistically non-significant. To partial out any fat-BMI independent effects of the near MC4R variants on the various body fat distribution measures would require greater statistical power. Associations were observed between rs17782313 and HDLcholesterol levels, and between MC4R rs17700633, plasma insulin, serum HDL-cholesterol, circulating leptin and insulin sensitivity. As expected, adjusting for fat-BMI weakened these associations. However, as for body fat distribution, greater statistical power is needed to convincingly discern fat-BMI independent effects. The results are analogous to the association of a common FTO variant (rs9939609) with type 2 diabetes. [3] [4] [5] 22 However, in our study, associations with plasma insulin and insulin sensitivity were obtained for rs17700633, which is in contrast to other studies that report associations between insulin measures and rs17782313 and/or rs12970134. 11, 23, 24 The mediating effect of fat-BMI on metabolic traits and type 2 diabetes seem to be less clear across different populations. 10, 11, 24 It is to be noted that except for associations with HDL-cholesterol, insulin, insulin-sensitivity and leptin, none of the other obesity-associated metabolic traits were significantly associated with the near MC4R variants. We observed stronger associations for rs17700633 than with rs17782313, which is not in line with previous studies. 10, 11, 24 Rs17782313 near MC4R has been reported to be the most significantly associated variant, 10 and most studies do not report significant associations for rs17700633. 10, 11, 24 One recent study, however, has reported associations between rs17700633 and obesity phenotypes, but not with metabolic traits. 23 In the same study, the results for rs17782313 were abolished when the effect of rs12970134 was taken into account, whereas rs12970134 and rs17700633 seemed to have independent effects, which is analogous to our results. A potential explanation is that rs17700633 near Analysis from the school health records of the participants revealed that the rs17782313 C-allele MC4R was associated with BMI z-score in childhood and adolescence, though only statistically significant at ages 13 and 19 years. The MC4R rs17700633 A-allele was associated with BMI z-score in both childhood and adolescence (age 7, 10, 13 and 19 years). Combined with the results obtained during adulthood, it appears that these variants have a considerable impact on body weight from childhood though adulthood. No associations were obtained for birth weight, which is in agreement with a previously reported study. 10 As rare severe coding mutations in MC4R are associated with increases in lean body mass, bone mineral density and enhanced linear growth, 25 it may be of interest to examine associations with body weight changes and linear growth in a future study. The examined variants were in our study not associated with resting energy expenditure, leisure-time physical activity, VO 2 max or glucose-induced thermogenesis. These results suggest that the examined variants may not be associated with energy expenditure. Rs17782313 near MC4R has recently been associated with higher energy and fat intake. 24 Experimental data show that MC4R may have a role in controlling fat intake preferences, 26 but the mechanisms underlying these observations need to be further elucidated.
The strengths of the present population-based study of Danish Caucasian men include the sampling design, wherein the controls were randomly selected from the same population in which the cases were identified and followed up for approximately 30 years. Repetitive detailed assessment of anthropometric and physiological variables at mean ages 35, 46 and 49 years, and the possibility of linking data on BMI from school health records for the same individuals makes the present study population unique and appropriate for investigating the impact of gene variants on body weight development. In addition, fatness was examined through a broad range of fatness and at the age of inclusion, the obese participants represented the most extreme range of the fatness phenotypes, above the 99th percentile.
However, several limitations need to be acknowledged. The sampling design does not allow the usual simple estimation of distribution parameters for the phenotypes for given genotypes, for example mean BMI per genotype. Population stratification may occur because of systematic admixture of ancestry, and may lead to spurious associations. 27 However, population stratification is unlikely to explain the obtained results because of the homogenous study population of Danish Caucasian men, in which the examined genotype distributions complied with HardyWeinberg equilibrium. The observed effect sizes may seem relatively small, and may be too small to disentangle fat-BMI dependent and independent components. However, the effects may still have impact on health; in a recent large population-based study, a surprisingly little increase in body weight throughout the range of body weights was associated with increases in risk of coronary heart disease. 28 As the findings of this study are restricted to men, the findings need to be replicated in other populations. Potential sex-related effects have been suggested and results from a study suggest that their obtained association between rs17782313 MC4R and type 2 diabetes may be more evident in women. 24 The examined genotypes show almost similar distribution for the minor allele frequencies and, hence, argue against that the attrition of the samples from the three surveys is related to the particular examined associations. The present sample size may seem small for a genetic association study, and especially the threefold drop in sample size from S-46 to S-49 may have reduced the statistical power. Precision of the measurement may also reduce the statistical power, for example measurements of abdominal obesity and amount of visceral fat, although usable, 29 might have been much better using more advanced imaging technology, such as computed tomography scanning and nuclear magnetic resonance imaging. On the other hand, keeping the phenotypes as quantitative variables in the analyses, the efficiency is considerably higher than in usual case-control type of analysis, as reflected in the fairly narrow confidence intervals; this means that we thereby have narrowed down the likely true OR's that could have given rise to the observed OR's. The number of statistical analyses carried out invites concerns about the possible implications of multiple testing for the interpretation of the nominal P-values. Valid adjustment for the multiple testing may not be feasible because of lack of clear delineation of tests belonging to the same test series, but caution should be exercised in the interpretation based on P-values, and major emphasis put on the consistency of the results, both internally and in comparison with previous studies.
In conclusion, the results from this study confirmed that rs17782313, rs17700633 and rs12970134, near MC4R, contribute to individual differences in human fatness during childhood and adulthood, but not to birth weight. The A-allele of rs17700633 exhibited somewhat stronger associations than the C-allele of rs17782313 or the A-allele of rs12970134, the latter two showing the same associations. Only few metabolic traits (HDL-cholesterol, insulin, insulin sensitivity and leptin) were associated with these variants, and these associations were most likely explained by the association with fatness.
